grow in the form of colonies. For example, Mattila and Frost (1988a; 1988b) observed this phenomenon on chicken and pork/beef muscle surfaces inoculated with various food-borne bacterial pathogens. The structure of some foods can result in bacterial cells becoming immobilized within the food matrix; the stresses imposed on these bacteria would be different from those encountered in a well-mixed liquid culture.
The study of bacterial growth on a solid medium, as opposed to traditional liquid culture, should provide a model system more representative of the food environment. Such a model system should allow elucidation of the fundamental nature of colonial growth. For example, the effect of environmental factors, such as NaCI concentration and/or pH, could be evaluated, or inoculation with two similar or dissimilar organisms could give insight into the phenomenon of possible microbial competition. A greater understanding of the growth kinetics of bacterial colonies and the effects of environment on bacterial growth may lead to a better control of food-borne bacterial pathogens and consequently an improvement in food product safety.
A bacterial colony results from the proliferation of one cell or a cluster of cells and has a complex, spatially heterogeneous structure (Wimpenny, 1992) . Pirt (1967) studied the growth kinetics of colonies of Escherichia coli, Kiebsiella aerogenes and Streptococcus faecalis. He observed that the radial growth rates for all three organisms were linear during the period between 12 and 24 h after inoculation, although a gradual decline in radial growth rate was observed after 24 h. Wimpenny and Lewis (1977) observed that growth of E. coli in a liquid culture with agitation was faster than that on the same medium solidified with agar. Lewis and Wimpenny (1981) also observed that the radial growth rate was linear and that vertical growth rate was also approximately linear, especially in the early part of the growth period, and that conditions favoring rapid growth led to faster radial growth rather than vertical growth (Lewis and Wimpenny, 1981) . Hammonds and Adenwala (1990) , in their development of a technique for assessing the antimicrobial activity of antibiotics, observed S. aureus and E. coli colonies growing on the surface of agar medium-coated microscope slides. Hammonds and Galliford (1991) observed that the growth of E. coli colonies in this experimental system was exponential after an initial lag phase when expressed in terms of colony area. McKay and Peters (1995) used computer image analysis to observe the effect of NaCI concentration and pH on colonial growth at 30°C on agar medium (a model food system). Using a micro pH electrode to measure pH gradients through colonies of Bacillus cereus and the surrounding agar, Robinson et al. (1991) observed acidification within the colonies due to the anaerobic fermentation of glucose, and a zone of alkalization at the colony periphery due to ammonia released by the aerobic oxidation of amino acids. For the abovementioned methods, a target colony must be selected as representative based on the average area of many colonies and/or colonial growth must be determined by microscopic observation with considerable difficulties in obtaining quantitative measurements.
Many calorimetric studies have been done on microbial systems to obtain quantitative information about their biochemical and physiological activities (Belaich, 1980; Lamprecht, 1980; Newell, 1980) . One application of microbial calorimetry is the kinetic analysis of growth thermograms (Itoh and Takahashi, 1984) . The method is quite useful for detecting the metabolic heat of microbes, especially in complex samples such as solid food. Goto and Takahashi (1985) measured the decomposition of various foods by contaminants and evaluated their perishability using a microbial calorimeter. The present paper reports on the colonial growth of E. coli. and S. aureus on agar solidified medium, as a model food system. The changes in the metabolic heat of growing colonies over time (growth thermograms) on agar medium were determined with a microbial calorimeter. Viable cell numbers of colonies were measured and compared with the actual heat evolution curves [f(t) curves] obtained from growth thermograms. Growth rate constants of colonial growth on solid medium were also determined from f(t) curves, and the effects of NaCI concentration and kumazasa (Sasa albo-marginata Makino et Shi-bata) extracts, which are known to be antimicrobial (Chuyen et al., 1983) , on colonial growth at 30°C were evaluated in terms of growth rate constants.
MATERIALS AND METHODS
Organisms and medium Staphylococcus aureus ATCC25923 and Escherichia coli ATCC25922 were maintained at 4°C on the slopes of LB medium (Peptone 1%, Yeast extract 0.5%, NaCI 0.5%, pH7) solidified with 2% agar (LBA medium) and used for the present study. Each organism was subcultured in 10 ml of LB medium at 30°C with agitation. LBA medium was used as the basal medium in all the experiments of the present study. For evaluation of colonial growth at different concentrations of NaCI, LBA medium was supplemented with NaCI to give a total concentration of 0, 1, 1.5, 3, 5, 6, 8, 10 and 12% (w/v) . The water activity (Aw) of LBA medium containing different concentrations of NaCI was determined with an Aw meter (WA-360, SHIBAURA, Saitama, Japan).
Preparation
of medium containing various amounts of kumazasa extracts Kumazasa (Sasa albo-marginata Makino et Shibata) extracts were purchased from Hakuju Life Science Co. Ltd (Tokyo, Japan). Kumazasa leaves were harvested in Tokachi, Hokkaido, Japan. Powdered leaves were extracted with water and 10% ethanol. The analysis of the kumazasa extracts is shown in Table 1 . For evaluation of colonial growth at different concentrations of kumazasa extracts, LBA medium was supplemented with kumazasa extracts to give a total concentration of 0, 0.5, 1, 2, 3 and 5 % (w/v).
Calorimetry and measurement of the growth activity A multiplex calorimeter employing the conduction principle was used. This calorimeter is of the multiple isothermal batch type with 20 calorimetric units (one is for reference and the other 19 are for samples). Figure 1 shows the schematic diagram of the apparatus. The basic structure and its operation have been reported elsewhere (Takahashi, 1996 put from the calorimetric detector and the horizontal axis indicates the incubation time of the sample. The resulting plot is referred to as the growth thermogram. The experiment was repeated three times under the same conditions. The exotherms accompanying colonial growth showed good reproducibility and were observed during culture between about 10 h and 30 h after inoculation, peaking at about 18 h. From the growth thermogram, the actual heat evolution curves (f(t) curve, Fig. 3(A) following relationship (Antoce et al., 1996 ; Hashimoto and Takahashi, 1982 ; Takahashi, 1990) . f (t)=g (t) + kg (t) dt where k is the heat leakage modulus (Newton's cooling constant) of the calorimetric unit containing LBA medium (Takahahi, 1976) . The value of k used in the present study was 5.792h-1. Figure 3 (B) shows the viable cell numbers in colonies on LBA medium under the same culture conditions. The f(t) curve gave good agreement with the changes in viable cell numbers in colonies.
Figure 3(C) shows logarithmic values of actual heat evolution versus incubation time. The exponential growth phase was estimated to be the period between 8.5 h and 13.5 h from the logarithmic f(t) curve. Figure 4 shows the process of colony formation by E coli on LBA medium under the same culture conditions used for calorimetric evaluations, compared with the f(t) curve. From inoculation till 10 h after inoculation, no colony on the surface of LBA medium was observed. At 15 h after inoculation, some smallsized colonies were observed. During the incubation period between 15 h and 25 h, the numbers and size of the colonies increased. During the later part of the growth curve (between 25 h and 34 h), although the size of the colonies increased, the colony profiles on LBA medium were almost similar in spite of the continued growth heat evolution. Lewis and Wimpenny (1981) reported that the radial growth rates of E. coli colonies were linear and the vertical growth rates were also approximately linear, especially in the early phase of the growth period. Conditions favoring rapid colonial growth led to faster radial growth rather than vertical growth. From Fig. 4 , it was concluded that the early phase of the f(t) curve (about 0 -15 h after inoculation) was predominantly due to faster radial growth, and the middle phase of the f(t) curve (about 15 -25 h after inoculation) was due to both radial and vertical growth, but later (after about 25 h) the ratio of vertical growth to radial growth gradually shifted to vertical growth.
The portion between 8.5 h and 13.5 h of the f(t) curve (the exponential growth phase) was considered to be suitable for the derivation of the growth rate constant and was fitted using a regression analysis as previously reported (Antoce et al., 1996) . This regression allows determination of the growth rate constant of colonial growth. Since the colony is a heterogeneous structure, it is likely that no single growth 
